Abstract-This paper presents a novel generalised Multi-Carrier Direct Sequence Code Division Multiple Access (MC DS-CDMA) system invoking smart antennas for improving the achievable performance in the downlink, as well as employing multi-dimensional Sphere Packing (SP) modulation for increasing the achievable diversity product. In this contribution, the MC DS-CDMA transmitter considered employs multiple Antenna Arrays (AA) and each of the AAs consists of several antenna elements. Furthermore, the proposed system employs both time-and frequency-(TF) domain spreading for extending the achievable capacity, when combined with a novel user-grouping technique for reducing the effects of Multiuser Interference (MUI). Moreover, in order to further enhance the system's performance, we invoke a MultiLevel Coding (MLC) scheme, whose component codes are determined using the so-called equivalent capacity based constituent-code rate-calculation procedure invoking a 4-dimensional bit-to-SP-symbol mapping scheme. Our results demonstrate an approximately 3.8 dB E b /N 0 gain over an identical throughput scheme dispensing with SP modulation at a BER of 10 −5 .
I. INTRODUCTION Time-varying multipath fading, which imposes fundamental limitations on reliable wireless transmissions, has to be counteracted by sophisticated transceiver design. In [1] , Alamouti proposed a simple transmit diversity scheme employing Space-Time Block Codes (STBC) [2] , which was capable of achieving a substantial diversity gain. Inspired by the philosophy of STBC, Hochwald et al. [3] proposed the transmit diversity concept known as Space-Time Spreading (STS) for the downlink of Wideband Code Division Multiple Access (WCDMA) [4] . Furthermore, in recent years numerous research contributions have appeared on the topic of Multi-Carrier Direct Sequence Code Division Multiple Access (MC DS-CDMA), which constitutes an attractive scheme [4] [5] [6] based on a combination of DS-CDMA and Orthogonal Frequency Division Multiplexing (OFDM). In [7, 8] , a generalised MC DS-CDMA scheme was proposed that includes the subclasses of both multitone and orthogonal MC DS-CDMA as special cases. On the other hand, beamforming [9] constitutes an effective technique of reducing the multiple-access interference (MAI) , where the antenna gain is increased in the direction of the desired user, whilst reducing the gain towards the interfering users. In [10] , a hybrid downlink technique designed for achieving both transmit diversity and transmit beamforming was proposed for Direct Sequence Code Division Multiple Access (DS-CDMA), which is referred to as Steered Space-Time Spreading (SSTS).
As a further advance, the concept of combining orthogonal transmit diversity designs with the principle of Sphere Packing (SP) modulation was introduced by Su et al. in [11] , where it was demonstrated that the proposed SP-aided STBC system was capable of outperforming the conventional orthogonal design based STBC schemes of [1, 2] . The SP-aided concatenated design of STBCs [11] The financial support of Vodafone under the auspices of the Dorothy Hodgkin Postgraduate Award and that of the European Union within the Newcom and Pheonix projects, and the support of EPSRC, UK is gratefully acknowledged.
was further developed by Alamri et al. [12] by invoking an iterative turbo receiver.
Multilevel coding (MLC) was proposed by Imai and Hirawaki [13] for protecting each bit of a non-binary symbol with the aid of different-rate binary codes. An attractive iterative multistage decoding (MSD) scheme was also proposed in [13] for attaining a high decoding performance at a low decoding complexity. In this MSD structure, the ith bit constituting a specific protection class associated with the constituent code C i is decoded by the i th decoder, while simultaneously exploiting the a priori information obtained from the demodulator, before passing the information to the (i + 1)st protection level associated with the constituent code C i+1 . This MSD process is activated level by level at each different-rate component decoder, each of which constitutes a flexible component code that has numerous configurable parameters. The explicit advantage of having independently configurable parameters for the low-complexity component codes is that they may be appropriately adjusted for diverse applications. A beneficial technique, devised for determining each component MLC code's rate, was detailed by Wachsmann et al. in [14] , where the design concept exploited the so-called chain-rule of mutual information introduced in [15] .
The novelty and rationale of the proposed system can be summarised as follows: The rest of this paper is organised as follows. In Section II the philosophy of the downlink SSTS-aided generalised Multicarrier DS-CDMA system is characterised. Section III describes how the SSTSaided generalised Multicarrier DS-CDMA system can be combined with SP modulation, followed by Section IV that describes how the proposed SSTS-SP-aided generalised Multicarrier DS-CDMA system can be combined with MLC. Finally, the attainable performance of these schemes is studied comparatively in Section V, followed by our conclusions in Section VI.
II. STEERED SPACE-TIME SPREADING
In [10] a hybrid technique designed for achieving both transmit diversity as well as beamforming referred to as SSTS was presented.
The antenna architecture employed in Figure 1 for the SSTS scheme of [10] has M = 2 distinct Antenna Arrays (AAs) spaced sufficiently far apart in order to achieve second-order transmit diversity. The L number of beam-steering elements of each of the two AAs are spaced at a distance of d = λ/2 for the sake of achieving beamforming. In [10] the SSTS scheme has been investigated in the context of DS-CDMA. By contrast, in this contribution we extend our study to the generalised MC DS-CDMA system of [7, 8] employing M = 2 transmit antenna arrays and a single receive antenna.
The system considered in this section is an evolutionary descendent of the generalised MC DS-CDMA scheme of [8] using U · V number of subcarriers. The transmitter schematic of the kth user is shown in Figure 1 , where a block of 2U data symbols, each having a symbol duration of T b , is Serial-to-Parallel (S/P) converted to U parallel sub-blocks. The new symbol duration of each sub-stream becomes Ts = UT b . Following the STS procedure described in [3] , the transmitted signal is spread to M = 2 transmit antennas with the aid of the M = 2 orthogonal spreading codes of c k,
.., K with c k being the kth user's spreading code. The 2U outputs of the U STS blocks modulate a group of subcarrier frequencies {fu,1, fu,2, ..., fuV } and then forwarded to the transmitter's beamformer. The symbol duration of the STS signal is 2Ts and the discrete period of the orthogonal STS codes is 2Ts/Tc = 2Ne, where we have Ne = Ts/Tc and Tc represents the chip duration of the orthogonal STS codes. Finally, according to the kth user's channel information, the 2UV signals of the kth user are weighted by the transmit weight vector w
determined for the vth subcarrier of the kth user, which is generated for the mth AA. As proposed for MC-CDMA schemes in [4] , spreading in the F-domain may additionally be employed for the sake of increasing the diversity gain by exploiting the independent fading of the subcarriers in the F-domain. Hence in the generalised MC DS-CDMA scheme advocated, the transmitted data stream can be spread in both the T-domain and the F-domain in order to support more users, while achieving a higher frequency diversity gain [7] by exploiting the independence of the time and frequency-domain fading. The resultant bandwidth is the same as that of the MC DS-CDMA scheme employing time-domain-only spreading, while the total number of users supported becomes V Kmax = V Ne, which is V times the number of users supported by the MC DS-CDMA scheme employing T-domain-only spreading. Let
The general form of the kth user's transmitted signal can be expressed as
where 0 ≤ τ < 2Ts, n = 0, 1, . . ., P k /V represents the transmitted power of each subcarrier, the factor L in the denominator is due to beamforming and the factor MM = 4 in the denominator suggests that the STS scheme using M = 2 transmit antennas and M = 2 orthogonal spreading codes distributes its power proportionally in space and time. Additionally, φ k,uv represents the phase angle introduced in the carrier modulation process of user k in the uvth subcarrier and is uniformly distributed over The L-dimensional Spatio-Temporal (ST) Channel Impulse Response (CIR) vector between the uvth subcarrier of the kth user and the mth AA can be expressed as h
uv,ml (t) is the CIR with respect to the uvth subcarrier of the kth user and the lth element of the mth AA. Based on the assumption that the array elements are separated by half a wavelength, we have
where α
is the kth user's direction of arrival (DOA). Assuming that the K users' signals expressed in the form of (1) are transmitted synchronously over the downlink Rayleigh fading channels, let yuv,1 and yuv,2 represent the first user's T-domain receiver correlator's output corresponding to the data transmitted on the uvth subcarrier from the first and second antenna array, respectively. Hence, yuv,1 and yuv,2 can be expressed as:
where nuv,i, i = 1, 2 denotes the Additive White Gaussian Noise (AWGN), † denotes the conjugate transpose operation, and K denotes the number of users sharing the same T-domain spreading code matrix with the desired user, where these otherwise inseparable users are differentiated by their unique F-domain codes. By multiplying Equations (4) and (5) by the F-domain spreading code c 1 of user 1 and letting
Finally, by invoking the STS receiver of [3] , the signal received on the uvth subcarrier can be decoded, assuming perfect knowledge of the fading parameters at the receiver side, to arrive at
where j = 0, 1, iuv,j denotes the MUI, which is inevitably imposed, since the orthogonality of the F-domain spreading codes cannot be retained over frequency-selective fading channels. However, the desired signal is not interfered by the transmitted signals of the users employing different orthogonal T-domain spreading codes, provided that synchronous downlink transmission of all the K Ne user signals as well as flat-fading of each subcarrier are assumed. Only the users sharing their T-domain spreading code matrix with the desired user will impose MUI on the desired user. 
Stream fk Fig. 1 . The proposed system model.
users, namely those which have the lowest F-domain interference coefficient with respect to the desired user, from the entire set of all the K Ne users. More explicitly, when selecting the specific users for the sake of sharing the same T-domain spreading code with the desired user, it must be ensured that their TF-domain interference remains low. III. SSTS DESIGN USING SPHERE PACKING MODULATION It was shown in [11] that the so-called diversity product quantifying the achievable coding advantage 1 of an orthogonal transmit diversity scheme is determined by the minimum Euclidean distance of the transmitted signal vectors. Hence, in order to maximise the achievable coding advantage, it was proposed in [11] to use SP schemes that maximise the minimum Euclidean distance of the transmitted signal vectors.
According to Equation (7), the decoded signals represent scaled versions of x1,u1 and x1,u2 corrupted by both the complex-valued AWGN and the MUI, when the system employs TF-domain spreading. This observation implies that the diversity product of the SSTSaided MC DS-CDMA system is determined by the minimum Euclidean distance of all legitimate vectors (x1, x2), where the u and k indices are removed for simplicity. For the sake of generalising our treatment, let us assume that there are L legitimate vectors (x l,1 , x l,2 ), l = 0, 1, . . . , L − 1, where L represents the number of sphere-packed modulated symbols. The transmitter, then, has to choose the modulated signal from these L legitimate symbols, which have to be transmitted over the two AAs, where the throughput of the system is given by (U log 2 L)/2 bits per channel use. In contrast to the independent transmitted signal design of (7), our aim is to design x l,1 and x l,2 jointly, so that they have the best minimum Euclidean distance from all other (L − 1) legitimate SP symbols, since this minimises the system's SP symbol error probability. Let  (a l,1 , a l,2 , a l,3 , a l,4 ) , l = 0, 1, . . . , L − 1, be legitimate phasor points of the four-dimensional real-valued Euclidean space R 4 . Hence, x l,1 and x l,2 may be written as {x l,1 , x l,2 } = a l,1 +ja l,2 , a l,3 +ja l, 4 .
In the four-dimensional real-valued Euclidean space R 4 , the lattice D4 is defined as a SP having the best minimum Euclidean distance from all other (L − 1) legitimate constellation points in R 4 [16] . 
constitutes a set of L legitimate constellation points from the lattice D4 having a total energy of E =
, and upon introducing the notation
whose diversity product is determined by the minimum Euclidean distance of the set of L legitimate constellation points in S.
IV. SSTS-SP AIDED MULTI-LEVEL CODING The schematic of the proposed SSTS-SP aided MLC (SSTS-SP-MLC) arrangement is shown in Figure 1 . The binary source bit stream f k of the kth user is serial-to-parallel (S/P) converted at the transmitter. The four individual source bits, namely f Again, we employ LDPC component codes owing to their powerful error correcting capability, low complexity and flexible coding rates. The random nature of the parity check matrix construction of LDPC codes allows us to dispense with the employment of additional channel interleavers. Each LDPC codeword is decoded using the belief propagation algorithm [15] . The MLC encoded bit stream is then forwarded to the sphere packing modulator Ψ of Figure 1 . Figure 1 also shows the receiver structure of the system, where a SSTS decoder equipped with a single receive antenna is employed. The SSTS decoder forwards its complex-valued symbols to the SP-demodulator Ψ −1 of Figure 1 and the resultant bits are then decoded at the different-protection LDPC decoders in an iterative MSD manner. The extrinsic LLRs L e P of Figure 1 produced by the SP-demodulator are fed into the level-1 decoder of C 1 , which then outputs a set of corresponding extrinsic LLRs L e C1 to the demodulator. This LLR provides useful a priori information for the SP demodulator, where the LLRs gleaned from the previous protection level are updated. As the decoding process continues, each MSD level receives useful a priori LLRs from the previous MSD level, which can be exploited in the LDPC decoder. The next outer iteration seen in Figure 1 commences, when the LLR information of the SP-demodulator has been updated with the extrinsic information received from all MSD levels.
The max-log approximation of the extrinsic LLR of a single bit b k output by the demodulator can be expressed as
where the SP symbols carry B number of MLC bits, b = b0, . . . , bB−1 ∈ {0, 1}. Let us assume furthermore that S k 1 and S k 0 represent two specific 2D subsets of the 4D SP symbol constellation S, which obey S
In general, for a MLC scheme having q protection levels, the MLCencoded bits are mapped to a total of N =2 q possible SP symbols. The updated a priori LLRs obtained from the preceding MLC protection-
The coding rates determined from the equivalent capacity rules detailed in [14] are shown in Table I . Table I shows the code rates of the LDPC component codes used for the SP-aided system as well as the benchmarker scheme employing QPSK. Note that the code rates are selected so that the SP-aided system and the QPSK one have an equivalent spectral efficiency of 1 bit-per-channel-use .
V. PERFORMANCE RESULTS In this section, we consider the downlink (DL) of a generalised MC DS-CDMA system employing an (M × L)-dimensional transmit AA in conjunction with M = 2, L = 2 and a single receive antenna, while using the coherent SSTS-SP in order to demonstrate the performance improvements achieved by the proposed system. Furthermore, all results were recorded for the coherent SSTS scheme assuming perfect channel knowledge at the receiver. All simulation parameters are listed in Table II .
In Figure 2 we plot the BER performance versus the E b /N0 of the SSTS-SP-aided generalised MC DS-CDMA DL scheme using a Table II . Both TFdomain spreading and user grouping were employed to extend the capacity of the system, while supressing the MUI.
sided noise power spectral density. The remaining system parameters are outlined in Table II . Figure 2 shows that the performance of the system supporting K = 4 users is similar to that of the system serving a single user, since no interference is encountered by the K = 4 users employing different orthogonal 4-chip Walsh codes as their T-domain DS spreading in the synchronous DL. Let us now consider TF-domain spreading, which is employed for the sake of supporting K = 8 users. Consequently, MUI is inevitably introduced among the users sharing the same T-domain spreading code. This becomes clear in Figure 2 for the case of K = 8 users when no user grouping was employed, since the performance of the SSTS system supporting K = 8 users is significantly worse than that supporting a single user or even K = 4 users. However, when user grouping is employed by the SSTS system for the sake of reducing the MUI imposed, the performance of the SSTS-SP system supporting K = 8 users substantially improves. Figure 3 compares the attainable performance of the proposed 1/2-rate MLC SSTS-SP-aided generalised MC DS-CDMA DL employing the code components of Table I and that of an identical-throughput 1 bit-per-channel-use uncoded SSTS-SP scheme using L = 4. More explicitly, the effective throughput of 1 bit-per-channel-use of the SSTS-SP-MLC scheme is achieved by using a SP contellation supporting 4 bits-per-symbol with a 1/2-rate SSTS and a 1/2-rate MLC. Figure 3 shows the performance of the system, while employing K = 4 user and the system parameters outlined in Table  II . Observe in the figure that the system achieves a substantial performance improvement in conjunction with MLC decoding. However, we notice in Figure 3 that after two iterations, no more gain is attained. Explicitly, the figure demonstrates that a coding advantage of about 7.5 dB was achieved at a BER of 10 −5 after two iterations by the 1/2-rate MLC-coded SSTS-SP-aided generalised MC DS-CDMA DL system over the identical-throughput uncoded SSTS-SP scheme. Additionally, Figure 4 shows the effect of increasing the number of users on the MLC-coded SSTS-SP system, while employing TF-domain spreading both with and without the usergrouping technique. Similarly to Figure 2, Figure 4 shows that the performance of the system supporting K = 4 users is reminiscent of that of the system serving a single user. Consequently, when TFdomain spreading is employed, MUI is inevitably introduced among the users sharing the same T-domain spreading code. This becomes clear for the case of K = 8 users, when no user grouping was employed, since the performance of the SSTS system supporting K = 8 users is significantly worse than that supporting a single user Table I and the system parameters outlined in Table II . The effective user throughput is 1 bit-per-channel-use and 4 users are supported using a spreading factor of 4 in both the T-and F-domain. Table I and the system parameters outlined in Table II . The effective user throughput is 1 bit-per-channel-use, while using a spreading factor of 4 in both the T-and F-domain.
or even K = 4 users. However, when the proposed user grouping is employed by the SSTS system for the sake of reducing the MUI imposed, the performance of the SSTS-SP system supporting K = 8 users substantially improves. Finally, Figure 5 compares the attainable BER performance of the proposed SSTS-SP-MLC scheme to that of the equivalent 1 bitper-channel-use throughput SSTS-MLC benchmarker employing the QPSK scheme of Table II. The BER curve of the proposed SSTS-SP-MLC dips below 10 −5 using a single iteration at E b /N0 = 2.5 dB. Upon employing I = 6 iterations, the multidimensional SP aided system outperforms the conventional QPSK-aided system by an E b /N0 value of 3.8 dB at a BER of 10 −5 .
VI. CONCLUSION In this paper we proposed a novel system that amalgamates the advantages of spatial diversity, frequency diversity as well as beamforming gain based on the principle of SSTS in order to enhance the attainable performance of the generalised MC DS-CDMA downlink, when operating in rapidly fading channels. The proposed system employs both time and frequency (TF) domain spreading for extending the capacity of the system, which is combined with a novel user-grouping technique for reducing the effects of Multiuser Interference (MUI). The SSTS system is combined with MLC and multidimensional SP modulation in order to enhance the attainable system performance as compared to the SSTS system employing conventional QPSK. Explicitly, our results demonstrate an approximately 3.8 dB E b /N0 gain at a BER of 10 −5 over an Table I and the system parameters outlined in Table II. identical throughput 1 bit-per-channel-use scheme dispensing with SP modulation.
